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The pos si bil ity of re tain ing Cs+ and Co2+ bound by im mo bi li za tion pro cesses in the ce ment
ma trix is de fined as the sub ject of its in ves ti ga tion: the ce ment ma trix for mu la tion, the wa -
ter/ce ment ra tio, the amount of waste, and the po ros ity of such a struc ture. Im ple ment ing the
stan dard leach ing method by Hespe the pos si bil ity of com par ing dif fer ent au thors' re sults
was achieved. Dif fu sion and semi-em pir i cal model were used to in ves ti gate the trans port phe -
nom e non in or der to pre dict the leach ing level for a long pe riod of time. Leach ing of Co2+ and
Cs+ ions un der dy namic con di tions im mo bi lized in the ce ment ma trix dy namic con di tions de -
creases with the in crease of the sludge con tent, re gard ing po ros ity in crease. The ef fects of the
dif fu sion and sur face wash ing are equal ized, and the con tri bu tion of the ma trix dis so lu tion to
the Cs+ and Co2+ trans port in the ce ment po rous me dia in creases, on av er age, for one or der of 
mag ni tude. The semi-em pir i cal model gives a better ap prox i ma tion for Co2+ and Cs+ leach -
ing pro cess for the du ra tion of the ex per i ment while both mod els sig nif i cantly ap prox i mate
leach ing re sults in dy namic con di tions.
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IN TRO DUC TION
The ac tiv ity of the nu clear in dus try gen er ates
sig nif i cant amounts of liq uid and solid ra dio ac tive
waste (RW). The RW is pro duced in the pro cesses of
the nu clear fuel cy cle, the in dus try of ex ploi ta tion,
pro cess ing, and en rich ment of ura nium ore, the ac tiv -
ity of re ac tors of nu clear power plants and re search
cen ters, ap pli ca tion of radionuclides in re search in sti -
tutes, hos pi tals and in dus try [1-8]. The RW con tam i -
nants are mainly b/g emit ters that oc cur in the form of
ac ti vated cor ro sive prod ucts (60Co and 54Mn) or fis -
sion prod ucts (137Cs and 90Sr). Re gard ing ra di a tion
and toxic ef fects as well as abun dances in waste
streams, the most im por tant RW pol lut ants for anal y sis 
and treat ment are 60Co and 137Cs [2]. In or der to im mo -
bi lize the RW of the low and mid dle level of ac tiv ity,
the so lid i fi ca tion of the con cen trate is ac com plished
by bind ing to in ac tive ma tri ces: usu ally ce ment, bi tu -
men, poly meric ma te ri als, and rarely glass. Even
though ce ment has sev eral un fa vor able char ac ter is tics
as a so lid i fy ing ma te rial, e. g., low vol ume re duc tion
and rel a tively high leachability, it pos sesses many
prac ti cal ad van tages: good me chan i cal char ac ter is -
tics, low cost, easy op er a tion and ra di a tion, and
ther mal sta bil ity.
The radionuclide leach ing pro cess from the ce -
ment ma trix can be viewed suc ces sively through three
phases [9]:
– phase trans for ma tion of the dis so lu tion com po -
nent from the ce ment ma trix com po si tion in the
sol vent,
– dis solved com po nent dif fu sion of the ma trix to its
sur face, and
– ma trix dis solved com po nent mi gra tion to the sur -
round ing sol vent mass 
The rate of radionuclide re lease from the ce ment
ma trix will be de ter mined by the slow est pro cess. 
The pos si bil ity of re tain ing radionuclides bound
by im mo bi li za tion pro cesses in the ce ment ma trix is
de fined as the sub ject of its in ves ti ga tion: the ce ment
ma trix for mu la tion, the wa ter/ce ment ra tio, the
amount of waste, and the po ros ity of such a struc ture,
based on the tests de ter min ing the level of their de po si -
tion. Im ple ment ing the stan dard leach ing test ing
method by Hespe [10] ac cepted by the In ter na tional
Atomic En ergy Agency (IAEA), the pos si bil ity of
com par ing dif fer ent au thors' re sults was achieved.
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MATH E MAT I CAL MOD EL ING OF CS+
AND Co2+ LEACH ING BE HAV IOR FROM
CE MENT MA TRIX
Dif fu sion model
The dif fu sion model is used to in ves ti gate the
trans port phe nom e non in or der to pre dict the leach ing
level for a long pe riod of time, and in the past pe riod,
sev eral math e mat i cal in ter pre ta tions of this prob lem
have been pub lished [11-13]. Com mon to the more re -
cently set prob lem in ter pre ta tions of link ing the
radionuclides dif fu sion co ef fi cients, from the com po -
si tion of the ce ment ma trix and their leach ing rate from 
the ma trix sur face, are ba si cally start ing from the
Fick's law of dif fu sion.
The as sump tions and bound ary con di tions that
we must im ple ment for the dif fu sion model ap pli ca -
tion are [14, 15]:
– the mo bil ity of Cs+ and Co2+ ions is lim ited by dif -
fu sion,
– the sam ple is semi-in fi nite in the di rec tion of the
neg a tive x axis, en sur ing that the waste cu mu la -
tive leach ing frac tion does not ex ceed 20 %,
– the con cen tra tion of Cs+ and Co2+ ions is uni -
formly dis trib uted to the waste, and their quan tity
in the cen ter of the ma trix does not change dur ing
the leach ing pe riod, and
– the con cen tra tion of Cs+ and Co2+ ions at the
bound ary phase is zero.
The cor re spond ing dif fer en tial equa tion and the
bound ary con di tions that de fine this law can be pre -
sented as
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where C [mgdm–3] is the con cen tra tion of Cs+ and Co2+
ions, x [cm] – the dis tance, t [s] – the time, and De
[cm2d–1] – the ef fec tive dif fu sion co ef fi cient.
The so lu tion of eq. (1) is
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when x → 0, eq. (6) be came
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Flux, j(t), of Cs+ and Co2+ ions, di men sion [mgcm2
d–1],  in the time unit through the sam ple con tact sur face S 
[cm2], for x → 0 is there fore
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The to tal con cen tra tion of radionuclides ac cu -
mu lated in the leach ing so lu tion for each Nth sam pling
pe riod over the to tal du ra tion of the ex per i ment T (d) is
C C S j t t SD C
D
t
t
T
n
N
x
T
= =∑ =∫ ∫
=
→n
e
e
d d
01
0
0
0
( )
p
(10)
C SC
V
D T
=
2 0 e
p
(11)
where C0 [mg dm–3] is the ini tial con cen tra tion of Cs+
and Co2+ ions in ma trix, V [cm3] – the vol ume of the
sam ple ex posed to dis tilled wa ter, S [cm2] – the to tal
sur face area ex posed to dis tilled wa ter, and C [mg dm–3]
– the con cen tra tion of Cs+ and Co2+ ions in the leach ing
so lu tion ac cord ing to its Nth vari a tion.
Us ing the ex per i men tally ob tained val ues for
ΣCn [mg dm–3] a graph can be cre ated 
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If the ex per i men tal data are obeyed by lin ear de -
pend ence, it can be as sumed that dif fu sion is the dom i -
nant mech a nism in the pro cess of sep a rat ing the
radionuclide from the ce ment ma trix and from the slope
of the right, m
m D= 2 e
p
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the ef fec tive dif fu sion co ef fi cient, De [cm2d–1], can be
cal cu lated us ing the term
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Semi-em pir i cal model
Us ing the leach ing cu mu la tive frac tion as a
func tion of time, we dis tin guish three dif fer ent mech a -
nisms: sur face wash off, dis so lu tion and dif fu sion
[14].
A math e mat i cal model in volv ing all three leach -
ing mech a nisms is very com plex, and the ob tained re -
sults have very lim ited prac ti cal ap pli ca tion.
In or der to over come this prob lem, the semi-em -
pir i cal model is adopted, based on an or thogo nal-poly -
no mial equa tion, which de scribes the leach ing of
waste con stit u ents im mo bi lized in a solid ma trix over
a long pe riod of time [16]. The leach ing cu mu la tive
frac tion is ex pressed ac cord ing to this model
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where K1 is the con stant rep re sent ing the con tri bu tion
of sur face wash-out to radionuclide trans port, K2 – the
con stant rep re sent ing the con tri bu tion of dif fu sion to
the radionuclides trans port (s–1/2), K3 – the con stant
rep re sent ing the con tri bu tion of a kinetically con -
trolled so lu tion to the radionuclides trans port (s–1), and 
t [s] – the du ra tion of the ex per i ment.
EX PER I MEN TAL PART
Prep a ra tion of ce ment ma trix 
The de fined com po si tion of the ce ment ma trix,
as well as the ini tial Cs+ and Co2+ ions con cen tra tion,
C0 [mg dm–3], are listed in tab. 1. Ma te ri als of the ce -
ment ma trix are:
– Port land ce ment, PC-35 (MPa), man u fac turer
Lafarge,
– Sand- “'Moravac”', gran u late 2 mm,
– Dis tilled wa ter, elec tri cal con duc tiv ity G ≤ 1.5 ⋅
106 Ω cm–1 and pH = 6.2, and
– Sludge, den sity rsludge = 1.075 gcm–3
The ma te ri als were treated in a plan e tary mixer
to achieve a de gree of vis cos ity that en sures the trans -
fer of the ce ment ma trix to the pre pared molds. Us ing
the mixer with a plan e tary mix ing method, ce ment ma -
trixes of high struc ture ho mo ge ne ity are ob tained. The
du ra tion of mix ing af ter the batch is lim ited to 15 min -
utes,  usu ally 5 min utes af ter achiev ing the re quired
de gree of vis cos ity. The ro ta tional speed of the mixer
is lim ited  to  n1 = 75 rpm  while  the  batch  coun ter  to
n2 = 35 rpm. 
In ves ti ga tion of leach ing in
dy namic con di tions 
Leach ing in ves ti ga tion of Co2+ and Cs+ ions, im -
mo bi lized in the ce ment ma trix M1, M2, and M3 in dy -
namic con di tions, was adapted to the stan dard ANS
test 16.1 [17]. The shape and di men sions of the test
sam ple, as well as the shape and di men sions of the ves -
sels, the ex per i men tal tem per a ture, are iden ti cal to the
stan dard method by Hespe [10]. The sam ple was com -
pletely im mersed in 0.5 li ters of dis tilled wa ter while
the vol ume flow of the dis tilled wa ter cir cu lat ing
around the sam ple was 200 l day–1. The leach ing so lu -
tion is ex changed af ter 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th,
10th, 12th, 14th, 16th, 18th, 21st, 23rd, 25th, 28th day and
any change in the leach ing so lu tion is an in cre men tal
con tri bu tion to the to tal con cen tra tion of ions re lease.
The con cen tra tion of Co2+ and Cs+ metal ions was
mea sured by the method of atomic ab sorp tion spec -
trom e try us ing Perkin Elmer An a lyst 200.
Dur ing the ex per i ment, at ten tion was paid to the
reproducibility of the ob tained re sults. The com bined
mea sure ment un cer tainty of the ex per i men tal pro ce -
dure was ex pressed by a sta tis ti cal an a lyt i cal pro ce -
dure and was less than 5 % [18-20].
RE SULTS AND DIS CUS SION
Leach ing of Co2+ and Cs+ ions im mo bi lized in
the ce ment ma trix, M1, M2, M3 in the dy namic con di -
tions de creases in the fol low ing se ries M3 > M2 > M1.
The leach ing in creases with the in crease of the sludge
con tent, re gard ing po ros ity in crease, figs. 1 and 2.  
Leach ing level of Co2+ ions is more than two or -
ders of mag ni tude smaller than leach ing level of Cs+
[21-25]. Due to the high al ka lin ity of the ce ment ma trix
(pH > 10), the Co2+ ions re act with the hy drox ide ions,
cre at ing a co balt-hy drox ide which can for merly re act
with CO2 and form in sol u ble co balt-car bon ate [24]. Co -
balt can also be ex changed with cal cium cat ions that are
pres ent in the C-S-H gel by form ing anal o gous co balt
com plex salts which, by crys tal liz ing, be come part of
the ce ment ma trix struc ture.
Con versely, ce sium ions re ten tion in the ce ment
ma trix is poor [21-24]. Ce sium is an el e ment of a large
atomic ra dius and a weak elec tric field. Therefore, it
does not hy dro lyze in so lu tion and is pres ent in the free 
cationic form at all pH val ues. More over, pre cip i tat ing
ce sium ions are rarely con stit u ent of the com plex salts
that are re tained in the ma trix struc ture.
In the dy namic per for mance of the ex per i ment,
fluid cir cu la tion around a sam ple of the ce ment ma trix
is car ried out with its con stant depth de ple tion for the
ob served ion, thereby es tab lish ing a higher con cen tra -
tion gra di ent than in the static per for mance of the ex -
per i ment [26]. Con se quently, higher val ues of the ef -
fec tive diffusivity co ef fi cients, De, as well as the
higher val ues of the con stants K1 and K2 in the
semi-em pir i cal leach ing model are es tab lished. 
The de struc tive ac tion of the fluid cir cu la tion
around the ce ment ma trix sam ple leads to its dis so lu -
tion. This phe nom e non is con firmed by the semi-em -
pir i cal model, where the dis so lu tion con stants K3 ab -
so lute val ues are sig nif i cantly higher and much less
dis tinc tive than the dif fu sion con stants K2 val ues in the 
static con di tions.
Gen er ally, in the dy namic con di tions, the ef fect
of dif fu sion and sur face flush ing is bal anced, and the
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Ta ble 1.  The ini tial con cen tra tion of Cs+ and Co2+ ions
and the ce ment ma trix com po si tion for the pro duc tion of
the sam ples V = 1 dm3 
CE MENT MA TRIX
Com po si tion M1 M2 M3
Ce ment [g] 933 1000 1000
Sludge [g] 280 350 500
Sand [g] 747 700 600
H2O [ml] 93 40 0
Cs+ [mgdm–3] 457 572 817
Co2+ [mgdm–3] 819 1024 1463
con tri bu tion of ma trix dis so lu tion to the ions trans port
in the ce ment po rous me dium in creases on av er age for
one or der of mag ni tude. In con sid er ation of all this, it
be comes clear why the leach ing level of Co2+ and Cs+
ions in dy namic is in com pa ra bly greater than that in
static con di tions. [26-28]. As ex pected, the leach ing
for Cs+ is al most three or ders of mag ni tude greater
than for Co2+. 
Al though dif fu sion model can not de scribe the
en tire leach ing pro cess, it is very suit able for sim u la -
tion due to its sim plic ity [29]. Based on the value of the 
re gres sion co ef fi cient, the semi-em pir i cal model gives 
a better ap prox i ma tion for Co2+ and Cs+ leach ing pro -
cess for the du ra tion of the ex per i ment [29, 30]. Fur -
ther more, both mod els sig nif i cantly ap prox i mate
leach ing re sults in dy namic con di tions.
In tab. 2 the ef fec tive dif fu sion co ef fi cients val -
ues, De, and the re gres sion co ef fi cients, R, are pre -
sented, cal cu lated by leach ing dif fu sion model of Cs+
and Co2+ ions im mo bi lized in the ce ment ma tri ces M1, 
M2, and M3 un der dy namic con di tions.
In tab. 3 the con stants K1, K2, K3 val ues and the
re gres sion co ef fi cients, R, are pre sented cal cu lated by
semi-em pir i cal leach ing model of Cs+ and Co2+ ions
im mo bi lized in ce ment ma tri ces M1, M2, and M3 un -
der dy namic con di tions.
CON CLU SION
Leach ing of Co2+ and Cs+ ions im mo bi lized in
the ce ment ma trix, M1, M2, M3 in dy namic con di tions 
de creases in the fol low ing se ries M3 > M2 > M1, with
the in crease of the sludge con tent, re gard ing po ros ity
in crease. Cs+ and Co2+ leach ing level in dy namic is
three and two or ders of mag ni tude greater than in static 
con di tions, re spec tively. 
In dy namic con di tions, the ef fects of the dif fu -
sion and sur face wash ing are equal ized, and the con tri -
bu tion of the ma trix dis so lu tion to the Cs+ and Co2+
trans port in the ce ment po rous me dia in creases, on av -
er age, for one or der of mag ni tude.
The semi-em pir i cal model gives a better ap prox i -
ma tion for Co2+ and Cs+ leach ing pro cess for the du ra -
tion of the ex per i ment while both mod els sig nif i cantly
ap prox i mate leach ing re sults in dy namic con di tions.
AC KNOWL EDG MENT
This work was sup ported by the Min is try of Ed -
u ca tion, Sci ence and Tech no log i cal De vel op ment of
the Re pub lic of Ser bia (Pro jects III 43009).
AU THORS' CON TRI BU TIONS
The ex per i ments were car ried out by S. D.
Dimovi}. All au thors an a lyzed re sults and par tic i pated 
S. D. Dimovi}, et al.: Leach ing Ki net ics of Cs+ and Co2+ Un der Dy namic ....
246 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 3, pp. 243-248
Fig ure 1. Leach ing of Cs+ ions bound in 100 g of sludge,
im mo bi lized in the ce ment ma trix M1, M2, and M3 un -
der dy namic con di tions
Fig ure 2. Leach ing of Co2+ ions bound in 100 g of sludge,
im mo bi lized in the ce ment ma trix M1, M2, and M3 un -
der dy namic con di tions
Ta ble 2. Ef fec tive dif fu sion co ef fi cients val ues, De [cm2d–1],
and re gres sion co ef fi cients, R, cal cu lated by leach ing
dif fu sion model of Cs+ and Co2+ ions im mo bi lized in the
ce ment ma tri ces M1, M2, and M3 un der dy namic
con di tions
CE MENT MA TRI CES
Dif fu sion mold ing
pa ram e ters M1 M2 M3
De(Cs+) 2.94⋅10–3 4.74⋅10–3 5.36⋅10–3
De(Co2+) 3.63⋅10–6 6.78⋅10–6 8.81⋅10–6
R(Cs+) 0.993 0.990 0.992
R(Co2+) 0.996 0.995 0.993
Ta ble 3. Con stants K1, K2 [s–1/2], K3 [s–1] vs. and re gres sion
co ef fi cients, R, cal cu lated by semi-em pir i cal leach ing model
of Cs+ and Co2 ions im mo bi lized in ce ment ma tri ces M1, M2, 
and M3 un der dy namic con di tions
CE MENT MA TRI CES
Pa ram e ters of
semi-em pir i cal
model leach ing
M1 M2 M3
K1(Cs+) –3.70⋅10–2 –3.80⋅10–2 –5.57⋅10–2
K1(Co2+) –1.42⋅10–3 –1.89⋅10–3 –1.76⋅10–3
K2(Cs+) 2.97⋅10–2 2.70⋅10–2 4.28⋅10–2
K2(Co2+) 1.59⋅10–3 1.94⋅10–3 1.61⋅10–3
K3(Cs+) 8.09⋅10–3 1.19⋅10–2 1.05⋅10–2
K3(Co2+) 2.07⋅10–4 3.21⋅10–4 4.64⋅10–4
R(Cs+) 0.999 0.999 0.999
R(Co2+) 0.999 0.999 0.999
in the prep a ra tion of the fi nal ver sion of the manu -
script.
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Slavko D. DIMOVI], Du{an P. NIKEZI], Marija Z. [QIVI]-IVANOVI],
Ivana V. JELI], Vojislav \. STANI], Mirjana B. RADENKOVI], Boris B. LON^AR
KINETIKA  IZLU@IVAWA  Cs+  I  Co2+  U  DINAMI^KIM  USLOVIMA
Mogu}nost zadr`avawa Cs+ i Co2+ procesima imobilizacija u cementnom matriksu de-
fini{e se preko formulacije cementog matriksa, odnosa voda/ce ment, koli~ina otpada i po-
roznosti takve strukture. Uz pomo} implementacije standardnog metoda izlu`ivawa prema Hespeu 
postignuta je mogu}nost upore|ivawa rezultata razli~itih autora. Za istra`ivawe fenomena
transporta kori{}en je difuzioni i poluempirijski model kako bi se predvideo nivo izlu`ivawa
za du`i vremenski pe riod. Izlu`ivawe imobilisaih jona Cs+ i Co2+ u cementnom matriksu u
dinami~kim uslovima raste sa pove}awem sadr`aja muqa i poroznosti. Efekti difuzije i po-
vr{inskog spirawa su izjedna~eni, a doprinos rastvarawa matriksa pri transportu Cs+ i Co2+
pove}ava se, u proseku, za jedan red veli~ine. Poluempirijski model daje boqu aproksimaciju
procesa izlu`ivawa Cs+ i Co2+ tokom trajawa eksperimenta, dok oba modela dobro aproksimiraju
rezultate izlu`ivawa u dinami~kim uslovima.
Kqu~ne re~i: radioaktivni otpad, cementna matrica, ispirawe, matemati~ko modelovawe
